Introduction {#S1}
============

Glioblastoma (GBM) is the World Health Organization grade IV high-grade glioma (HGG) and the most common malignant primary brain tumor in adults, with over 10,000 new cases diagnosed each year in the United States.\[[@R1], [@R2]\] Even with therapy consisting of surgery, radiation therapy (RT), and chemotherapy, median survival is only 15 months.\[[@R3]\] HGG also occurs in children; the two most common subtypes are GBM and diffuse midline glioma (DMG), which includes most diffuse intrinsic pontine gliomas (DIPG). Overall survival of pediatric GBM, which is more common in older children, is 20 percent. Long-term survival of DMG, which is more common in younger children, is less than five percent. New treatment approaches are clearly needed for these tumors in both adults and children.

Epigenetic changes play a crucial role in cancer through activation of oncogenes, deactivation of tumor suppressor genes, and mediation of genomic stability. Multiple studies have postulated a role for epigenetic regulators in gliomagenesis.\[[@R4], [@R5]\] Although adult and pediatric HGG have diverse and somewhat divergent genetic alterations, many of the altered pathways center on epigenetic regulation.\[[@R6]--[@R8]\] Recently, most DIPG, and many GBM in children, were linked to mutations of histone H3, the first time histone mutations have been related to human disease,\[[@R9]\] leading to the new classification of DMG based on the presence of the H3K27M mutation. These findings have emphasized the likely role of epigenetic changes in driving the growth of these tumors. Epigenetic changes are also needed in normal development, however, so they may be especially important in pediatric cancer patients, representing normal development gone awry. The changes are, by definition, reversible, unlike genetic changes, and thus are realistic targets for drug design. Epigenetic-focused chemotherapeutics such as HDAC inhibitors has been used clinically in both adults and children.\[[@R10]\]

Initial clinical efforts aimed directly at counteracting the downstream effects of histone mutations have been disappointing. This may be because current epigenetic-targeted medications have broad effects across the epigenome, such as inhibition of DNA methylation or histone deacetylation.\[[@R11]\] Without specific targets, these agents have limited lasting effect and may even do harm, for example through demethylation of oncogenes as well as tumor suppressors. To this same point, genes encoding epigenetic modifiers need not be mutated to have an impact on disease, so sequencing alone is insufficient to detect relevant modifiers. A better functional understanding of the role of specific epigenetic regulators in these tumors is needed now to expand on the present descriptive studies and pave the way for translational impact through more finely targeted epigenetic modification.

Thus, given the need for new treatment approaches for both adult and pediatric HGG, as well as the potential role of epigenetic regulators in gliomagenesis, we undertook a functional screen to identify epigenetic regulators contributing to growth of these tumors.

Results {#S2}
=======

*A two-step*, in vitro/in vivo *shRNA inhibition screen identifies BPTF as a potential regulator of HGG growth* {#S3}
---------------------------------------------------------------------------------------------------------------

To identify the functional role of specific epigenetic regulators, we began by performing a pooled, neurosphere culture-based shRNA inhibition screen in two adult GBM cell lines, BT 145 and BT 159 (Characteristics of all cell lines are shown in [Supplemental Table 1](#SD4){ref-type="supplementary-material"}). 449 genes were selected for their known epigenetic function (methylators, deacetylators, etc.) and/or the presence of one or more epigenetic domains (bromodomain, SET domain, etc.). Five to seven shRNAs per gene were chosen and packaged in lentivirus. After infection and selection, half of the cells were reserved to allow baseline calculation of the frequency of each shRNA (input samples). The remaining cells were then allowed to grow an additional 14 population doublings to allow growth effects of gene inhibition to be fully realized (output samples). We then extracted DNA and amplified shRNAs from all samples and used Illumina sequencing to compare the frequency of each shRNA in output and input samples, since shRNAs inhibiting targets key to cell growth would decrease in frequency over the screening period. We used BT 145 as the primary cell line to determine targets for validation because of its far lower rate of shRNA absence in the output samples (19--369 shRNAs missing of 2,908 total, 0.7--12.7%) than BT 159 (1,013--2,124 shRNAs missing of 2,908 total, 34.8--73.0%), indicating less stochastic loss. 15 negative control shRNAs targeting LacZ did not change significantly in representation in either cell line. The magnitude and consistency of under-representation of the shRNAs against a given target compared to the entire population were combined to calculate gene-level p-values in BT 145. The 30 targets with the lowest p-values are shown in [Figure 1a](#F1){ref-type="fig"}. 23 of these targets were taken forward to the secondary screen. We eliminated targets not expressed in the nucleus based on Gene Ontology cell compartment classification as unlikely to be true epigenetic regulators. We then included in the secondary screen all remaining targets with a BT 145 gene-level p-value less than 0.001. For targets with a p-value of 0.01--0.001, we also took into account proportion of shRNAs significantly under-represented in BT 159 and BT 145 output samples (shRNA-level p-value \<0.05). We took forward those with ≥2 shRNAs significantly under-represented for both BT 145 and BT 159, including one shRNA in common between lines.

To validate our *in vitro* screen findings in multiple cell lines and models, we performed a secondary screen concurrently in neurosphere culture (BT 145 and BT 159) and in a murine orthotopic PDX model (BT 145). We again used a pooled shRNA inhibition approach. Two aliquots of cells for each line were again infected with pooled lentivirus containing 4 (BT 145) or 2 (BT 159) shRNAs per target, along with multiple negative control shRNAs targeting LacZ and 2 positive control shRNAs targeting the known glioblastoma oncogene *MYC*.\[[@R12], [@R13]\] The reduced number of shRNAs per target and resulting higher cell count per shRNA were used in BT 159 to mitigate the loss of library complexity observed in the primary screen. Two input samples were collected after infection as above. Two aliquots from each line were grown as above in neurosphere culture. In addition, for BT 145, 10 NSG mice underwent stereotactic injection of the entire library of shRNAs (1,000 cells per shRNA) into the right striatum of each mouse. Mice were sacrificed when they reached symptom or tumor size endpoint. DNA was then extracted, and shRNAs were amplified from all samples and sequenced using the Illumina platform. shRNA absence from output samples was 2--6 of 114 total shRNAs for the BT 145 cell culture samples (1.8--5.3%), 0--37/114 for the BT 145 PDX samples (0--32.5%), and 2--4 of 61 total shRNAs for the BT 159 cell culture samples (3.3--6.6%). Input and output counts for each shRNA were analyzed to produce gene-level relative representation and standard deviation for each target. Each line's *in vitro* data were compared to the BT 145 tumor data ([Figure 1b](#F1){ref-type="fig"}). Four targets with the most significant and consistent shRNA under-representation, including *BPTF* (red arrows), were consistent across datasets and are represented in blue. shRNAs targeting *MYC* were also significantly under-represented across datasets, while shRNAs targeting LacZ, the negative control, did not have a significant effect; although it appears that they caused over-representation in these plots, this is a result of most targets showing under-representation in the output samples. LacZ shRNAs therefore comprised a greater proportion of the population in the output samples. In a separate *in vitro* shRNA screen of epigenetic targets performed in DIPG 4, *BPTF* again emerged as a significant hit, among other targets isolated as well, with 4 out of 13 *BPTF-*targeted shRNAs showing decreased representation in output compared to input samples and a gene-level p-value of 0.032 ([Figure 1c](#F1){ref-type="fig"}). There was no shRNA absence from output samples in this screen, likely because it was shorter in duration. Overall, our screening results raised BPTF as a potential regulator of adult and pediatric HGG growth *in vitro* and *in vivo.*

BPTF is overexpressed in adult and pediatric HGG {#S4}
------------------------------------------------

We used the R2 genomics platform to perform expression analysis on publicly-available datasets of transcriptomic data from our three tumor types of interest compared to a similar dataset from normal brain ([Figure 1d](#F1){ref-type="fig"}). We also performed a western blot for BPTF and Myc expression in a normal human astrocyte (NHA) line and several adult and pediatric HGG cell lines ([Figure 1e](#F1){ref-type="fig"}). *BPTF* was significantly overexpressed both at the gene and protein levels compared to normal brain in adult and pediatric HGG, which provided orthogonal patient sample-level support to our screening findings and encouraged further investigation of BPTF.

*BPTF knockdown (KD) reduces GBM proliferation rates* in vitro *and* in vivo {#S5}
----------------------------------------------------------------------------

To validate BPTF's role in the proliferation of adult GBM (aGBM), we stably transduced BT 145 cells using lentivirus to create shBPTF1, shBPTF2, positive control shMYC, and non-targeted control shNull cell lines. We measured cell proliferation in the KD compared to control cells by counting weekly for 60 days. Both shBPTF cell lines and the shMYC cell line showed decreased proliferation rates as compared to shNull (proliferation rates: shBTPF1/shNull=0.71, p\<0.05; shBPTF2/shNull=0.51, p\<0.01; shMYC/shNull=0.53, p\<0.001, [Figure 2a](#F2){ref-type="fig"}). By qPCR, the ratios of *BPTF* mRNA expression levels (ER) in *BPTF* KD vs. shNull were 0.35 for shBPTF1 and 0.40 for shBPTF2 ([Supplemental Figure 1a](#SD2){ref-type="supplementary-material"}). These mRNA levels correlated with decreased BPTF protein expression (BPTF protein ER in shBPTF vs shNull by immunofluorescence (IF) imaging: shBPTF1 ER=0.69, shBPTF2 ER=0.68, [Supplemental Figure 1b](#SD2){ref-type="supplementary-material"}--[c](#SD2){ref-type="supplementary-material"}). Western blot analysis confirmed that shBPTF cells had lowered BPTF protein levels versus shNull cells ([Figure 2b](#F2){ref-type="fig"}). These findings confirmed that shRNA-mediated decreases in BPTF mRNA translate to lower levels of BPTF protein expression. We then verified BPTF's role in BT 145 proliferation through doxycycline-inducible *BPTF* KD. Prior to doxycycline exposure, shBPTFi and shNull cells proliferated at a similar rate. Upon induction of *BPTF* shRNA through doxycycline exposure, BPTF levels dropped and the proliferation rate of shBPTFi cells decreased relative to control ([Figure 2c](#F2){ref-type="fig"}, [Supplemental Figure 1d](#SD2){ref-type="supplementary-material"}). To confirm the results observed using shRNA-mediated knockdown, we used CRISPR-Cas9 to knock out *BPTF* and performed fluorescent activated cell sorting (FACS) to purify the *BPTF* knockout population. Proliferation rates observed between a non-targeted control versus *BPTF* knockout confirmed the results observed with *BPTF* knockdown via shRNA ([Figure 2d](#F2){ref-type="fig"}). Levels of *BPTF* following the conclusion of the knockout proliferation experiment are shown in [Supplemental Figure 1e](#SD2){ref-type="supplementary-material"}. *BPTF* levels in the knockout line are non-zero (but still significantly less than those of the control cells), which we attribute to outgrowth of cells expressing *BPTF* that were not successfully eliminated during the FACS sorting.

We also observed an anti-proliferative effect of shBPTF on GBM proliferation in our BT 145 murine orthotopic PDX model. Mice injected with either BT 145 shNull or shBPTF cells in the right striatum were observed weekly for clinical signs of disease. shBPTF mice showed significantly prolonged time to symptom endpoint necessitating sacrifice (IC~50~ 204 d for shNull, not reached for shBPTF, [Figure 2e](#F2){ref-type="fig"}). In histological sections taken at the conclusion of the experiment, IF staining demonstrated lower levels of nuclear BPTF protein in tumors originating from BPTF KD cells than those grown from control cells (ER=0.57, [Supplemental Figure 1f](#SD2){ref-type="supplementary-material"}--[g](#SD2){ref-type="supplementary-material"}). MRI images, along with hematoxylin and eosin (H&E) staining of tumor sections, show an infiltrative tumor pattern that recapitulates human GBM, as well as a decrease in tumor size and cell density with shBPTF compared to shNull ([Supplemental Figure 2a](#SD2){ref-type="supplementary-material"}--[b](#SD2){ref-type="supplementary-material"}). Immunohistochemistry (IHC) staining for the cell proliferation marker Ki-67 demonstrated this finding quantitatively, with shBPTF significantly decreasing the percentage of positive-staining cells ([Figure 2f](#F2){ref-type="fig"}). The percentage of apoptotic cells in these tumors was significantly increased with shBPTF ([Figure 2g](#F2){ref-type="fig"}). These findings validate the positive effect of BPTF *in vitro* and *in vivo* on GBM growth.

*Knockdown of NURF complex members other than* BPTF *does not affect proliferation* {#S6}
-----------------------------------------------------------------------------------

The nucleosome remodeling factor complex (NURF), of which BPTF is the catalytically active and largest member, includes the additional subunits SMARCA1, RBBP4, and RBBP7 ([Supplemental Figure 2c](#SD2){ref-type="supplementary-material"}). To test the sufficiency of BPTF in controlling HGG cell proliferation, we stably transduced BT 145 cells with shRNAs targeting each of these NURF members or a non-targeted control (shNull). Cell growth was measured weekly for 80 days. Although a small decrease in cell proliferation rate was noted in the shSMARCA1 and shRBBP7 cell lines initially, the decrease was not statistically significant over the entire period of growth ([Figure 2h](#F2){ref-type="fig"}). We confirmed effective targeting of the shRNAs by measuring knockdown levels via qPCR ([Supplemental Figure 2d](#SD2){ref-type="supplementary-material"}). These results suggest that BPTF may act through a non-canonical mechanism in regulating GBM growth.

Knockdown of BPTF in pediatric HGG cell lines impairs growth {#S7}
------------------------------------------------------------

To assess the applicability of our findings on the impact of *BPTF* knockdown in aGBM cell lines (BT 145 and BT159) to pediatric HGG, we transduced several pediatric cell lines with shBPTF1, shBPTF2, or shNull. The pediatric HGG cell lines in which we performed the transductions were DIPG 4 (from autopsy), DIPG 7 (from autopsy), DIPG 33 (from autopsy), GBM1 (cortical pGBM from resection) and SF7761 (DIPG from biopsy). We first performed long-term proliferation assays in DIPG 4 and SF7761. Both showed a significant decrease in proliferation rate with *BPTF* KD, although the magnitude of impact on proliferation was greater in DIPG 4 ([Figure 3a](#F3){ref-type="fig"}--[b](#F3){ref-type="fig"}). We confirmed knockdown by qPCR ([Supplemental Figure 3a](#SD2){ref-type="supplementary-material"}--[b](#SD2){ref-type="supplementary-material"}). We further verified BPTF's role in DIPG 4 proliferation in a doxycycline inducible model, in which we observed that shBPTFi and shNull cells proliferated at a similar rate prior to induction but that upon induction of BPTF shRNA, BPTF levels dropped and the proliferation rate of shBPTFi cells decreased relative to the shNull control ([Figure 3c](#F3){ref-type="fig"}, [Supplemental Figure 3c](#SD2){ref-type="supplementary-material"}). In order to avoid potential adaptation to BPTF KD that might obscure the proliferation phenotype, we also performed short-term proliferation assays in DIPG 4, DIPG 7, DIPG 33 and GBM1 (SF7761 cells were excluded because they do not grow adherently) ([Figure 3d](#F3){ref-type="fig"}, [Supplemental Figure 3d](#SD2){ref-type="supplementary-material"}--[f](#SD2){ref-type="supplementary-material"}). In each of these cell lines, we similarly found that the proliferation rate was significantly less in BPTF KD cells ([Figure 3e](#F3){ref-type="fig"}, [Supplemental Figure 3g](#SD2){ref-type="supplementary-material"}). These findings suggest that BPTF's impact on aGBM is generalizable to pediatric HGG, although potentially to varying extents in different pediatric cell lines.

BPTF KD does not affect proliferation of neural stem cells {#S8}
----------------------------------------------------------

To determine whether *BPTF* KD affects proliferation of normal neural stem cells, we performed a proliferation assay in NHA ([Figure 3f](#F3){ref-type="fig"}) stably transduced with shBPTF and shNull. We observed no significant difference in cell proliferation rates over the period of the experiment between shBPTF1 and shNull and a barely significant difference between shBPTF2 and shNull, with shBPTF2 proliferating at a slightly greater rate than shNull ([Figure 3e](#F3){ref-type="fig"}). Significant *BPTF* mRNA knockdown was established by qPCR ([Supplemental Figure 3g](#SD2){ref-type="supplementary-material"}.)

BPTF KD affects proliferation of aGBM cell lines {#S9}
------------------------------------------------

To confirm whether BPTF is important to proliferation in additional preclinical models of aGBM, we utilized publicly-available data from CRISPR screens of cancer cell lines\[[@R14]--[@R16]\]. The screening data showed aGBM is highly dependent on BPTF for proliferation (BPTF mean dependency score (CERES): −0.61, p=1.8×10^−11^) ([Supplemental Figure 3h](#SD2){ref-type="supplementary-material"}). More negative scores indicate greater levels of dependence with scores less than −0.5 indicating high levels of dependence and a score of −1 indicating genes essential for cell survival. In aGBM, however, we did not find a correlation between endogenous *BPTF* expression level and dependence on BPTF for proliferation (CRISPR screen correlation coefficient: −0.014, 95% CI: −0.42 to 0.40). Overall, the importance of BPTF for proliferation in aGBM cell lines is similar to what we found in pediatric HGG.

BPTF *KD leads to an apparent neuronal lineage shift and decreases cell self-renewal* {#S10}
-------------------------------------------------------------------------------------

To test the overall effects of *BPTF* KD on gene expression, we performed RNA-Seq on stably transduced BT 145 shBPTF and shNull cells, followed by geneset enrichment analysis (GSEA) to investigate how *BPTF* KD affects the expression of genes involved in biological processes. The most overexpressed and underexpressed genesets overall can be found in [Supplemental Tables 2](#SD4){ref-type="supplementary-material"}--[3](#SD4){ref-type="supplementary-material"}. Of 3,449 gene ontology biological process genesets queried (Broad Institute MSigDB), the greatest levels of overexpression were found in genes involved in neuronal differentiation, projection, and development ([Figure 4a](#F4){ref-type="fig"}). qPCR performed on a group of neuronal differentiation and development-related genes confirmed that *BPTF* KD in BT 145 cells is associated with a decrease in *SOX10* and an increase in the neuronal marker *TUBB3*, and downregulation of the astrocytic marker *GFAP* ([Figure 4b](#F4){ref-type="fig"}). We also observed upregulation of *OLIG1* and *NEUROD1* (although the latter did not meet criteria for statistical significance), implying differentiation away from the glial lineage and toward a neuronal phenotype. In SF7761 cells, qPCR likewise revealed a decrease in *SOX10* and *GFAP,* along with trends toward increased expression of *TUBB3* and *OLIG3*, similarly suggesting differentiation toward the neuronal lineage ([Figure 4c](#F4){ref-type="fig"}). Using IF, we confirmed that *BPTF* KD led to significantly decreased expression of GFAP and increased expression of TUBB3 protein levels ([Figure 4d](#F4){ref-type="fig"}--[e](#F4){ref-type="fig"}) in BT 145 cells. TUBB3 expression was also increased significantly compared to GFAP expression in the BT 145 shBPTF PDX tumors compared to shNull ([Figure 4f](#F4){ref-type="fig"}).

We then performed a cell self-renewal assay\[[@R17], [@R18]\] in which stably transduced shBPTF or shNull BT 145 and SF7761 cells were plated at a concentration of 1 or 10 cells per well and grown in suspension. We measured neurosphere size in each well after 4--10 weeks of growth. shBPTF inhibited neurosphere formation, significantly reducing both the mean size of spheres ([Figure 4g](#F4){ref-type="fig"}--[h](#F4){ref-type="fig"}) and the proportion of wells in which neurospheres formed ([Supplemental Figure 4a](#SD2){ref-type="supplementary-material"}--[c](#SD2){ref-type="supplementary-material"}). We also measured the effect of *MYC* KD on the proportion of wells forming a neurosphere in BT 145, which showed a similar effect to *BPTF* KD ([Supplemental Figure 4a](#SD2){ref-type="supplementary-material"}). *BPTF* KD did not appear to consistently affect cell cycle in NHA, BT 145, or pHGG cell lines, nor did it cause a significant induction in apoptosis in BT 145 ([Supplemental Figure 4d](#SD2){ref-type="supplementary-material"}--[e](#SD2){ref-type="supplementary-material"}). Taken together, these results suggest that BPTF contributes to HGG proliferation most importantly through maintenance of cell self-renewal, and its loss leads these tumor cells with glial characteristics to take on the traits of differentiated neurons.

BPTF *KD reduces expression of* MYC *and its targets* {#S11}
-----------------------------------------------------

We then used our RNA-Seq data to attempt to determine a specific mechanism of action of BPTF in HGG. GSEA using the 50 hallmark gene sets in the Broad Institute MSigDB collection showed that the *MYC* hallmark genesets V1 and V2, respectively, were the 2^nd^ and 12^th^ most downregulated in *BPTF* KD versus control cells ([Figure 5a](#F5){ref-type="fig"}). Other *MYC* genesets were also significantly downregulated, notably including a set of oncogenic targets of MYC regulation (BILD_MYC_ONCOGENIC_SIGNATURE, [Figure 5a](#F5){ref-type="fig"}). We confirmed the decreased MYC protein levels in stably transduced shBPTF versus shNull cells by western blot ([Figure 5b](#F5){ref-type="fig"}) and IF ([Supplemental Figure 5a](#SD2){ref-type="supplementary-material"}--[b](#SD2){ref-type="supplementary-material"}). IPA modeling of the RNA-Seq data also suggested that of the gene targets included in the secondary screen, listed in [Figure 1a](#F1){ref-type="fig"}, only BPTF directly regulates MYC, while many of the other secondary screen targets are upstream or downstream members of a regulatory network centered on MYC ([Figure 5c](#F5){ref-type="fig"}). In qPCR validations of the RNA-Seq data, BPTF KD correlated with suppression of *CDKN1B* and *AKT* gene expression in BT 145 cells and upregulated *SMAD2* and *SMAD3* in SF7761 cells ([Figure 5d](#F5){ref-type="fig"}--[e](#F5){ref-type="fig"}). To demonstrate that the effect of *BPTF* KD on the MYC pathway is an initial effect as opposed to a manifestation of long-term state change, we used short-term *BPTF* KD in DIPG 4 and performed qPCR for MYC targets, which recapitulated the findings from the long-term KD showing downregulation of the pathway; however, these same significant effects were absent in NHA, again suggesting a tumor-specific effect ([Supplemental Figure 5c](#SD2){ref-type="supplementary-material"}). Overall, these results show that MYC and MYC targets are broadly downregulated by *BPTF* KD, and that MYC is at the center of a regulatory network that comprises many of the epigenetic regulators found in our screen to be associated with HGG growth.

To establish that the HGG growth effect of *BPTF* KD was mediated through the effect on MYC, we examined whether the observed reduction in proliferation rates could be reversed through increased *MYC* expression in shBPTF cells. Using transfection of *MYC* cDNA compared to an empty vector (EV), we overexpressed *MYC* in stably transduced shBPTF and shNull cells in BT 145, SF7761, and DIPG 4. We measured BT 145 and SF7761 cell growth in all conditions before and after transfection. *MYC* overexpression accelerated growth significantly in shBPTF cells compared to shBPTF-EV in both lines ([Figure 5f](#F5){ref-type="fig"}), while *MYC* overexpression in shNull cells had a smaller effect ([Supplemental Figure 5d](#SD2){ref-type="supplementary-material"}). In DIPG 4, we transfected cells in these same conditions, and then 24 hours later began measuring growth on an xCELLigence plate reader. shBPTF-EV and -MYC cells initially showed decreased proliferation compared to shNull conditions, but *MYC* overexpression in shBPTF cells led to growth acceleration over time that reached overall growth of the shNull conditions, in which *MYC* overexpression had a much smaller effect, by 100 hours ([Figure 5g](#F5){ref-type="fig"}). shBPTF-EV cells did show some growth acceleration over time in each line, which may have been due to a relatively smaller effect on growth in these slower-growing conditions from the transfection process itself compared to shNull conditions. This acceleration, however, was significantly less than with *MYC* overexpression. We confirmed, via qPCR, *BPTF* KD, as well as *MYC* overexpression following *MYC* transfection as compared to EV ([Supplemental Figure 5e](#SD2){ref-type="supplementary-material"}). We also performed a proliferation assay in the *Myc-*immmortalized C17.2 murine neural stem cell line, stably transduced with shBptf or shNull, and found over a longer period that there was no difference in proliferation rate as the result of Bptf KD, providing further evidence that *Myc* overexpression can rescue the growth effect of *Bptf* KD. ([Supplemental Figure 6a](#SD2){ref-type="supplementary-material"}). Significant *Bptf* mRNA and protein knockdown vs. shNull in the C17.2 cells was established by qPCR and IF respectively ([Supplemental Figure 6b](#SD2){ref-type="supplementary-material"}). These results suggest that the effect of *BPTF* knockdown on HGG growth is caused by downregulation of *MYC.*

We theorized that BPTF, as an epigenetic regulator, likely affected the chromatin state of MYC's transcriptional targets, as well as possibly exerting a broader genome-wide effect. To test this idea, we performed ChIP-Seq on *BPTF* KD versus shNull cells, immunoprecipitating for H3K4me3 and H3K27me3. On a genome-wide average basis, knockdown of *BPTF* expression enriched H3K4 trimethylation and did not affect H3K27 trimethylation at transcription start sites of genes ([Figure 5h](#F5){ref-type="fig"}). To investigate the effects of these chromatin modifications at MYC transcriptional sites, we identified the enrichment of H3K4me3 chromatin marks for genes in the HALLMARK_MYC_TARGETS_V1 and BILD_MYC_ONCOGENIC_SIGNATURE genesets and computed average enrichment for genes whose enrichment increased versus decreased as the result of *BPTF* KD. This analysis showed that H3K4me3 enrichment is significantly greater for MYC target genes with increased expression versus those with decreased expression as the result of *BPTF* KD ([Figure 5i](#F5){ref-type="fig"}, [Supplemental Table 4](#SD5){ref-type="supplementary-material"}). Effects on these chromatin marks in representative MYC target genes *CCNA2* and *ODC1* are shown in [Supplemental Figure 6c](#SD2){ref-type="supplementary-material"}.

*Epigenetic compound screening identifies HDAC inhibitors as synergistic with* BPTF *KD* {#S12}
----------------------------------------------------------------------------------------

Small molecule BPTF inhibitors are currently in development,\[[@R19]\] but potency and specificity is still being optimized. With an eye toward eventual translational application of our results to patient treatment, in which combination therapy is crucial, we screened for potentially effective compounds targeting epigenetic regulators that act synergistically in combination with shRNA-mediated *BPTF* knockdown, which is an accurate model of the levels of inhibition possible pharmacologically. BT 145, SF7761, and DIPG 4 cells transduced with shBPTF or shNull were treated for 5 days with 5 μM of each compound in the panel or DMSO control. Compounds were selected as potentially synergistic with *BPTF* KD if they decreased viability of shBPTF cells by at least 50% compared to shNull cells in DMSO control, and also decreased viability of shBPTF cells by at least 50% compared to shNull cells exposed to that same compound.

Screening in BT 145 cells identified 6 compounds that met these criteria: gemcitabine, a nucleoside analog; splitomycin, a SIRT1 inhibitor; and four HDAC inhibitors, M344, tubacin, apicidin, and oxamflatin ([Figure 6a](#F6){ref-type="fig"}). Apicidin, oxamflatin, and gemcitabine also met criteria in SF7761 ([Figure 6b](#F6){ref-type="fig"}). Multiple other HDAC inhibitors met criteria in SF7761 alone, including SB939, ITF 2359, pyroxamide, LAQ824, scriptaid, CAY10398, CUDC101, SAHA, and panobinostat. Four additional compounds showed adequate effectiveness in SF7761 cells: UNC0631, a HMTase inhibitor, GSKJ4, a JMJD3/UTX inhibitor, BIX01294, a methyltransferase inhibitor, and 6-GT, an antimetabolite compound. In DIPG 4, the HDAC inhibitors scriptaid and SAHA passed screening criteria, as they did in SF7761. Other compounds effective in DIPG 4 alone included the HDAC inhibitor pimelic diphenylamide, the histone acetyltransferase inhibitor CPTH2, the topoisomerase II inhibitor etoposide, and the methyltransferase inhibitor UNC0646. HDAC inhibitors thus accounted for 14 of 23 of the hits among the three cell lines tested, including 4 of 5 shared between two lines. To validate the HDAC screening results, BT 145 and DIPG 4 cells transduced with either shBPTF or shNull were treated with three of the HDAC inhibitors for five days. Oxamflatin and apicidin both showed a significant decrease in IC~50~ in shBPTF cells as compared to shNull in both lines, while *BPTF* KD decreased the IC~50~ for SAHA non-significantly ([Figure 6c](#F6){ref-type="fig"}, [Supplemental Table 5](#SD4){ref-type="supplementary-material"}). These results raise HDAC and BPTF inhibition as a potentially effective combination therapy across BPTF subtypes.

Discussion {#S13}
==========

In this study, we demonstrate that *BPTF* is a regulator of tumor growth and mediates cell self-renewal in HGG. This target emerged from an epigenomic shRNA inhibition screen using both cell culture and orthotopic PDX models, and its overexpression appears to characterize all three of the HGG subtypes studied. *BPTF* is the DNA-binding member of the NURF chromatin remodeling complex and interacts with common histone modifications, giving it broad effects on transcription.\[[@R20]\] We took *BPTF* forward for further investigation from among our screening hits because it has been associated with neurologic disease\[[@R21], [@R22]\] and neurodevelopment,\[[@R23]\] as well as potentially implicated in multiple cancer types, including by overexpression\[[@R24], [@R25]\] or mutation,\[[@R26], [@R27]\] or by driving proliferation\[[@R28]--[@R30]\] or metastasis,\[[@R24], [@R27], [@R30], [@R31]\] but has not been investigated in brain cancer.

We then studied BPTF's impact on growth and phenotype in multiple models of adult and pediatric HGG. Since we saw a significant effect of *BPTF* knockdown on growth in all lines except NHA, BPTF overexpression itself, which we noted in all lines compared to NHA, may be a biomarker predictive of growth response to *BPTF* knockdown, although the lack of correlation between endogenous BPTF expression level and proliferation dependence from publicly available cell line data calls this into question in adult HGG. We note, however, that pediatric HGG and adult HGG are biologically distinct entities. MYC overexpression was more variable in these cell lines and did not appear to correlate with the degree of effect on growth with *BPTF* knockdown. It is also notable that SF7761, which showed the smallest growth effect among the tumor lines, is immortalized with exogenous hTERT (See [Supplemental Table 1](#SD4){ref-type="supplementary-material"} for cell line characteristics), while none of the other cell lines are immortalized, which may allow SF7761 to grow more successfully with *BPTF* knockdown. No other cell line features, including H3K27 mutation status or tumor subtype, appeared predictive of response. Identifying and validating biomarkers of BPTF dependency in each disease subtype will be a focus of ongoing work. The lack of significant effect on HGG growth via KD of other NURF members, while preliminary, raises the possibility that BPTF is either working independently of its complex to control HGG or is sufficient for this function; further inquiry into these possibilities should be the subject of ongoing investigation. While the finding of its importance to cell self-renewal of HGG fits with a recent report of a similar function for BPTF in mammary gland stem cells, the finding of increased neuronal features in these glial tumors with *BPTF* inhibition was unexpected and novel. Our gene expression data, especially the strong decrease in *SOX10* expression with *BPTF* KD across multiple cell lines, suggest that *BPTF* expression is integral to the maintenance of stem cell potency in HGG.\[[@R32]\] The combined strong decrease in *GFAP* and increase in *TUBB3* expression with *BPTF* KD suggest that BPTF expression may also be necessary to maintain glial lineage characteristics in HGG cells, and the trend toward overexpression of *SOX2* with *BPTF* KD raises a potential mechanism by which the loss of BPTF may cause a direct transdifferentiation of lineage.\[[@R33]--[@R35]\] These findings are encouraging from a translational standpoint, since stemness is a hallmark of cancer, and brain tumors with neuronal characteristics are more responsive to chemotherapy than gliomas.

We demonstrated that BPTF appears to control HGG growth through a positive effect on MYC pathways. A recent report demonstrated that BPTF and MYC form a protein complex critical to MYC's broad functions as a transcription factor and oncogene.\[[@R28]\] Our findings strongly support and add to these conclusions and are demonstrated in multiple ways. *BPTF* KD showed similar effects to *MYC* KD in our screen, and in fact, many of the epigenetic regulators implicated in contributing to HGG growth by our screen have direct or indirect effects on MYC or are affected by MYC, as shown on IPA analysis. *BPTF* KD downregulated MYC-dependent genesets and individual targets, which corresponds to the results of the prior report. We also found that *BPTF* KD decreased *MYC* expression, which was not demonstrated in this previous study, and that overexpression of *MYC* was sufficient to rescue HGG cells from the negative growth effect of *BPTF* KD. Decreased expression of *MYC* and its downstream targets through *BPTF* KD was a key finding of our transcriptomic studies. Our ChIP-Seq results showed that on a genome-wide average basis, *BPTF* KD increases global H3K4me3 enrichment at transcription start sites but had little effect on H3K27me3 levels. *BPTF* KD had a more nuanced effect at MYC target genes, increasing expression at some but decreasing expression at most, particularly those identified as oncogenic. This observation raises important questions about the mechanism of BPTF's role in modifying the chromatin landscape and the reasons behind the pattern of changing H3K4me3 enrichment that we observed. For example, *BPTF* KD (and the accompanying decreased *MYC* expression) were not accompanied by corresponding changes in the expression of cell cycle regulatory genes that are typically associated with MYC-driven proliferation,\[[@R36]\] but instead, as noted above, by differentiation and lineage changes that would be expected to decrease proliferation. *MYC* has been linked to increased self-renewal of neural progenitor cells. This mechanism and its relationship to BPTF's broader role in modiftying the chromatin landscape are the subjects of ongoing investigation.

Finally, we showed that BPTF inhibition synergizes with HDAC inhibition against HGG growth. *BPTF* and HDAC inhibition have not been associated in the literature, so it is intriguing that the majority of the epigenetic-targeting compounds found to synergize with *BPTF* KD in our screen fell into this class. A potential explanation for this finding is suggested by our IPA analysis, which identified two HDACs (6 and 11) and histone b3 in the MYC downstream network that BPTF influences. Prior work has found modulation of *MYC* to be an important target of HDAC inhibition.\[[@R37]\] Our findings will have important potential translational implications as BPTF small molecule inhibition progresses to clinical use, since multiple HDAC inhibitors, including panobinostat,\[[@R38]\] are under investigation for use in HGG, but combination therapy is likely to be crucial to overcoming these highly treatment-resistant tumors.

Strengths of the current study include the exclusive use of patient-derived, low-passage number cell lines throughout our work, with the goal to best represent human HGG. Including the orthotopic PDX model in our screen and validation steps allows us to bring in the influence of the tumor microenvironment and provides stronger evidence of BPTF's influence on HGG. We included cell lines from diverse patient ages, tumor locations, treatment stages, and molecular subtypes for the major assays performed. Adult and pediatric HGG are certainly distinct in terms of specific mutations seen, but there are also similarities relevant to our study. Both adult and pediatric HGG can have dependency on MYC.\[[@R39]\] In addition, the effect we demonstrate of *BPTF* knockdown on cell self-renewal and glial characteristics would be relevant to all tumors of glial lineage. In addition, our findings on the implications of BPTF for neuronal differentiation and cell self-renewal, as well as its influence on MYC, arose from orthogonal transcriptomic and targeted assays conducted independently.

Weaknesses of the study include the absence of an available tool (either cDNA or shRNA targeting the 3'UTR) to rescue cells from BPTF knockdown and thus confirm the specificity of the effect on HGG; however, we used multiple shRNAs across the project that all had similar effects, as did CRISPR knockout. Another weakness is the lack of a small molecule BPTF inhibitor to test in parallel with shRNA-mediated KD. For now, chemical inhibitors of BPTF are still in early development. Since the heterozygous *BPTF* knockout model, replicating the level of BPTF knockdown likely possible pharmacologically, does not have a discernible phenotype,\[[@R40]\] it is an encouraging potential target; we also showed a selective growth effect of *BPTF* KD on HGG that spared neural stem cells. Our study demonstrates that BPTF inhibition shows strong therapeutic potential in adult and pediatric HGG, both alone and in combination with HDAC inhibitors or radiotherapy, and should encourage further small molecule development. In addition to these translational goals, future studies will also focus on developing our understanding of the specific interactions mediating BPTF's broad influence, especially on the MYC pathway, a long-sought therapeutic target in cancer.
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![Justification for *BPTF* investigation in GBM. a) Top hits from primary screen, showing gene-level p-value in BT 145 (bar graph), with proportion of shRNAs underrepresented in BT 145 and BT 159 (pie charts), and nuclear/cytoplasmic expression of protein; the dotted orange and solid black lines divide targets with BT 145 p-values \<0.001 from 0.001--0.01; b) Secondary screen results showing mean underrepresentation of target shRNAs in output compared to input samples in BT 145 tumors compared to BT 145 cell culture (left) and BT 159 cell culture (right), with *BPTF* indicated by red arrows; c) Volcano plot showing overall fold change (x-axis) and gene-level p-value (y-axis) for a separate epigenomic shRNA screen in DIPG 4, with BPTF highlighted; d) Expression of *BPTF* in publicly available tumor/normal brain datasets from the R2 platform; e) Western blot of BPTF and MYC expression in normal human astrocytes (NHA), adult HGG cell lines (BT 145, T387, T3691) and pediatric HGG cell lines (DIPG 4, SF7761, GBM1, DIPG 7, DIPG 33 and DIPG 6). Error bars indicate SEM.](nihms-1544187-f0001){#F1}

![Validation of independent BPTF growth effect in BT 145. a) Growth curve showing effect of *BPTF* and *MYC* knockdown; b) Western blot showing *BPTF* knockdown via shRNA at the protein level; c) Growth curve showing the effect of doxycycline-inducible *BPTF* knockdown starting at the red arrow; d) Growth curve showing effect of *BPTF* knockout by CRISPR-Cas9; e) Kaplan-Meier curve showing the effect of BPTF knockdown on survival in a murine orthotopic BT 145 PDX model; f) Comparison of Ki-67 positive-staining cells by IHC for shNull compared to shBPTF PDX sections; g) Comparison of caspase positive-staining cells by IHC for shNull compared to shBPTF PDX sections; h) Growth curve showing the effect of knockdown of other NURF complex members. Error bars indicate SEM. \* p\<0.05; \*\* p\<0.01; \*\*\* p\<0.001; ns p\>0.05](nihms-1544187-f0002){#F2}

![BPTF growth effect in other cell lines. a-b) Growth curve showing the effect of *BPTF* knockdown in DIPG 4 and SF7761; c) Growth curve showing the effect of doxycycline-inducible *BPTF* knockdown in DIPG 4 starting at the red arrow; d) Growth curve showing effect of stable BPTF knockdown in DIPG 4 cells immediately following knockdown in a short-term growth experiment; e) Effect of BPTF knockdown on proliferation in short-term assays conducted immediately after knockdown in pediatric HGG cell lines and normal human astrocyte cells (NHA); f) Growth curve showing the effect of BPTF knockdown in NHA cells. Error bars indicate SEM. \* p\<0.05; \*\* p\<0.01; \*\*\* p\<0.001; ns p\>0.05](nihms-1544187-f0003){#F3}

![Effect of *BPTF* knockdown on differentiation and cell self-renewal. a) GSEA statistics for gene sets related to neuronal characteristics in BT 145 cells with BPTF knockdown; b-c) Gene expression analysis via qPCR for neuronal differentiation targets in BT 145 and SF7761; d-e) Comparison of staining intensity for GFAP and TUBB3 by immunofluorescence for *BPTF* knockdown BT 145 cells, with representative images underneath (scale bars represent 10 μm); f) Comparison of TUBB3/GFAP staining intensity ratio for BT 145 PDX sections; g-h) Results of neurosphere dilution assays showing effect of BPTF knockdown on total neurosphere area in BT 145, with representative images overhead, and SF7761. Error bars indicate SEM. \* p\<0.05; \*\* p\<0.01; \*\*\* p\<0.001](nihms-1544187-f0004){#F4}

![*BPTF* knockdown interaction with *MYC* and downstream effectors. a) GSEA statistics for *MYC* target sets in BT 145 cells with *BPTF* knockdown; b) Western blot showing effect on *MYC* expression with *BPTF* knockdown; c) IPA interaction map for *BPTF* and other hits from the shRNA screen showing interaction with MYC; d-e) Gene expression analysis via qPCR for MYC targets in BT 145 and SF7761; f) Effect of cDNA-mediated *MYC* overexpression on cell growth rate compared to empty vector (EV) in *BPTF* knockdown BT 145 and SF7761 cells; g) Effect of cDNA-mediated *MYC* overexpression on cell growth compared to empty vector (EV) measured by xCELLigence in *BPTF* knockdown DIPG 4 cells; h) Global genome average of H3K4 and H3K27 trimethylation at transcription start sites (TSS) for BT 145 shNull and *BPTF* KD cells. i) H3K4me3 enrichment for upregulated and downregulated genes (shBPTF vs. shNull) in the Hallmark MYC target and Bild_Oncogenic genesets. H3K3me3 enrichment is significantly greater (p\<0.05) for genes where expression increases with BPTF KD. Error bars indicate SEM. \* p\<0.05; \*\* p\<0.01; \*\*\* p\<0.001](nihms-1544187-f0005){#F5}

![Potential epigenetic-targeting compounds synergistic with *BPTF* knockdown. a) Scatterplot of relative cell survival of *BPTF* knockdown BT 145 cells treated with a panel of epigenetic-targeting compounds, with hits expanded in red box; b) Venn diagram of hits from epigenetic compound panel in *BPTF* knockdown BT 145, SF7761, and DIPG 4 cells; c) Dose-response curves for *BPTF* knockdown BT 145 and DIPG 4 cells treated with three HDAC inhibitors. Error bars indicate SEM.](nihms-1544187-f0006){#F6}
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